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Abstract
Natural or synthetic sapphires can be heat-treated to improve the clarity by removing
“silk” (inclusions) and to change color by introducing color-inducing elements (i.e.,
chromophores) into the lattice structure or changing their valency. Due to these reasons,
sapphires can be heat-treated to increase their monetary value. Twenty natural blue (C1), 20
green (C2), and 20 clear (C3) sapphires from Madagascar and Tanzania were heat-treated in a
muffle furnace in oxidizing and reducing conditions, from 1200 to 1600℃, for 10-hour soak
time. In total, 5 experiments were conducted in which soak time remained constant: experiment 1
was performed at 1200℃, exp. 2 at 1300℃, exp. 3 at 1400℃, exp. 4 at 1500℃, and exp. 5 at
1600℃. Each experiment contained 4 sapphires from C1, C2, and C3 respectively, and half of
the sapphires were exposed to oxidizing conditions, while the other half to reducing conditions.
To achieve reducing conditions, graphite slabs were used to create the CCO buffer; the oxidizing
conditions were achieved simply with air. The clear (C3) sapphires remained clear under both
conditions from 1200 to 1500℃ exclusively and up to 1600℃ in oxidizing conditions. The blue
(C1) sapphires either underwent no change of color or became lighter with increasing
temperature and some received a yellowing effect resulting in green in oxidizing conditions. In
reducing conditions, the blue (C1) sapphires became darker in color, especially from 1400℃ and
up. Green/blue (C2) sapphires became lighter and increased the green intensity from 1200 to
1400℃ exclusively and up to 1600℃ in oxidizing conditions. Starting at 1400℃ heat-treatment
of the stones in reducing conditions turned almost all of the samples grey/black. Electron
microprobe analyses were used to determine concentrations of chromophores at minor and trace
element concentrations, including: Ca, Ti, Zn, Mg, Si, Ga, Fe, Mn, and Cr to evaluate the
geochemical effects of heat-treating sapphires. C1 sapphires contained the highest amount of Ti

and Fe (Ti > 100ppm, Fe 8000-10000 ppm), C2 sapphires contained much less Ti but the same
amount of Fe (Ti 40-50ppm) and C3 samples contained the same amount of Ti as C2 but the
least amount of Fe (Fe 400-700 ppm).

Introduction
A gemstone is a mineral with appealing visual attributes and is used to produce jewelry
or other embellishments. Recently, the price of gemstones such as sapphires (gem corundum) has
been increasing (Hugi and Krzemnicki, 2015). In 2007, the price per carat of gem-quality blue
sapphire was $700-1375 depending on the color, clarity, cut, and provenance (van der Wal and
Hann, 2010; Collet et al., 2013). A carat is a unit of measurement used to measure the mass of
gemstones. One carat is equal to 200 mg or 0.00705 oz. Today, fine sapphire samples are almost
never found for under $1000 USD independent of size (Gemselect, 2018). This trend of
increasing natural sapphire prices is negatively impacting many people’s acquisition of sapphire
jewelry.
Heat treatment of gems is a process in which a mineral of non-gem grade quality such as
sapphire, ruby, spinel, etc. is subjected to a high temperature in a furnace or high-temperature
microwave oven to improve the clarity and enhance the color. This, in turn, changes the sample
from a non-gem grade to gem-grade and increases the value as jewelry many times over. Heat
treating non-gem grade sapphires, however, supplies the gem market with heat-treated sapphires
that are much more affordable. Figure 1. shows sapphire prices of non-origin specific, heattreated sapphires, Burma sapphires, Ceylon sapphires, and fancy green heat-treated sapphires
over a four-month period (November 2019 to March 2020). The natural Burma and Ceylon

sapphires are selling for more than double than non-origin specific heat-treated sapphires and
more than triple than fancy green, heat-treated sapphires. Burma sapphires are mined in a
country formerly named Burma which is now called Myanmar. Ceylon sapphires are from a
country formerly called Ceylon, which is now Sri Lanka (Figure 2.).
Modern heat treatment techniques are mostly performed by the use of high-temperature
furnaces that can achieve 2000℃. The heat treatment of corundum (Al2O3) to improve clarity
and enhance the color has been heavily researched and there are many different hypotheses on
what causes the color in corundum. The science behind colors in gemstones is very complex and

always improving due to the betterment of technology available. Also, no specific instructions
are provided in the scientific literature due to their economic impact and proprietary value. The
goals of this research were to experimentally determine the optimal temperature of corundum
heat treatment in both oxidizing and reducing conditions of sapphires from Tanzania and
Madagascar by using a high-temperature furnace and to geochemically analyze the natural and
heat-treated sapphires.

Background
To understand how heat treatment affects gems such as sapphires, one must first
understand the science behind color in minerals. Sapphire is a variation of corundum, Al2O3,
which also has industrial uses such as being used as an abrasive because of its hardness of 9 in
Mohs hardness scale. Pure corundum is an allochromatic gem, meaning that it receives its color

from impurities and is colorless by itself (Emmett et al., 1993). For corundum to be considered a
sapphire, the gemstone can have every color except red. If the gemstone is red, then it is
considered a ruby.

One hypothesis for the blue color comes from metal-metal charge transfer which is
governed by the molecular orbital theory. Molecular orbital theory can be considered as the best
explanation of the cause of color in minerals where the involved electrons are present in multicentered orbits (Nassau, 1978). The results of charge transfer explained by molecular orbital
theory vary depending on if the centers involved are metal-metal, metal-nonmetal, nonmetalnonmetal bonding environments. Metal ions that color gem corundum are 3d transition ions,
such as Cr3+, Ni3+, Fe3+, Ti4+, and so on. Metal ions themselves do not color gemstones, it is
the transition of the electron structure that corresponds to changes in visible light emitted from

the corundum. The metal ions substitute for Al3+ ions in the vacancies present in the Al layer.
For every 3 Al ions in the Al layer, there is one Al ion missing, creating a vacancy, as seen in
Figure 3 and Figure 3a. Blue sapphires very often contain Fe and Ti impurities which can exist in
two valence states (Fe2+ and Fe3+; Ti4+ and Ti3+) and create two scenarios of mixed oxidation
states (1) Fe2+ and Ti4+ and (2) Fe3+ and Ti3+. One electron can be caused to transfer from Fe

to the Ti by light absorption and back again. This electron transfer from (1) to (2) involves the
absorption of energy and produces sapphire’s trademark: the deep blue color (Nassau, 1978).
This means that the Fe and Ti ions are substituted into the Al layer and transfer electrons

between each other and produce the blue color. Fe3+-Fe3+ and Fe3+ cause a yellow color in
corundum in a process called electronic transitions (Mungchamnankit et al, 2012).
The inclusions in sapphires are mainly composed of rutile, TiO2 which is commonly
referred to as silk in sapphire, since the human eye perceives rutile needles as “spots of grey” in
corundum. In most cases, rutile crystals are referred to as an unwanted constituent of a gemgrade sapphire, however, sometimes those crystals can produce a desirable asterism effect where
the crystals align in a shape of a star just like in Figure 4.

Historically, it has been hypothesized that rutile inclusions in sapphires are a result of
secondary exsolution upon cooling, and this has significant implications on how sapphire is heat
treated. However, a recent study by Palke et al., (2017) performed analytical tests on rutile
inclusions in gem corundum and have hypothesized that rutile inclusions are a result of
syngenetic growth due to several reasons: (1) The presence of glassy melt inclusions with

oriented rutile inclusions in sapphires from Anakie gem fields of Queensland, Australia are a
result of rapid cooling of the corundum which contains the melt inclusions because of the lack of
nucleation and crystal growth from the melt. Exsolution of rutile inclusions only occurs when
corundum is held at a temperature lower than that of the initial formation for a lengthy period of
time to enable the oriented rutile inclusions to nucleate and grow. (2) laser ablation inductively
coupled mass spectrometry (LA-ICP-MS) and nano-resolution secondary ionization mass
spectrometry (SIMS) detected “unusual” trace elements which have ionic radii and/or cation
charges significantly different from Al3+ such as Zr, Nb, Ta, W in rutile inclusions and not the
corundum lattice. These elements are also known to be highly compatible in rutile. This means
that the presence of these unusual trace elements suggests that they were originally incorporated
into the rutile inclusions which coprecipitated with the corundum (Palke et al., 2017). Therefore,
if the rutile inclusions in sapphire are from syngenetic growth instead of secondary exsolution
processes, heat alone will not dissolve the rutile inclusions into the surrounding corundum
structure and thus not improve the gemstone clarity.
Oxygen fugacity (fO2) is a master variable in magmatic and magmatic-hydrothermal
systems and it plays a fundamental control on the behavior of redox-sensitive elements such as
Fe, V, Cr, and Ti (Simon and Ripley, 2011). Oxygen fugacity is the partial pressure of oxygen in
a geologic system and is constrained by the reaction of redox-sensitive mineral phase
assemblages (i.e., solid buffers). A fO2 vs T graph showing the different buffers can be seen in
Figure 5. If those minerals are exposed to a different buffer than their own, then they become
unstable and change their chemical characteristics. This buffering technique can be applied to
many different types of minerals such as rutile (Zhao et al., 1999). Rutile is stable above and at
the RI (rutile-ilmenite) buffer, and is defined by the reaction:

2Fe2O3 (in ilmenite) + 4TiO2 ⇔ 4FeTiO3 (ilmenite)
but if exposed to reducing conditions such as the NNO (Ni-NiO) buffer or CCO (CO-CO2) the
rutile inclusions will plausibly dissolve into the corundum lattice. This is the reason why heat
treatment of sapphires is conducted under oxidizing or reducing conditions, since simply heating
it would make no difference to the rutile inclusions.

Heat treatment has several important considerations: (1) the temperature-time
relationship, (2) the oxidation-reduction conditions, and (3) the presence of chemical substances
that can interact with the gemstone (Nassau, 1981). Once rutile is heat-treated under reducing
conditions, it becomes destabilized and dissolves into the surrounding corundum lattice. The
increase in Ti ions in the structure allows for more Fe-Ti charge transfer to occur. This, in turn,
improves the clarity of the gem and deepens the blue color, which can be seen in Figure 6.

Clarity is defined as impurities in the gem such as a fracture or inclusion with an index of
refraction (RI) different from the native material that will scatter light by reflecting it off its
surfaces, resulting in the reduction of clarity of the host (Emmett et al., 1993). If a dark blue
sapphire sample is present, then oxidizing conditions can be applied to lighten the color. This
process is the reverse of reduction and its results can be seen in Figure 7. One more thing to note

is that once all the silk has disappeared due to heat treatment, the samples are cooled rapidly,
about 30℃/min. This is so that the rutile needles do not re-form (Nassau, 1981).
If a sapphire lacks iron and titanium then no amount of heating will improve the color
(Kwansirikul et al., 2016). This, however, can be potentially fixed by the process of diffusion
heat treatment. By painting the gem with aluminum titanate (Al2TiO5) in water and then heat
treating it for several days under reducing conditions a thin layer of “color” just below the
surface can form (Nassau, 1981). This process is extremely slow, meaning that it will take days
to complete and the depth of the layer penetration is small, only about one-tenth of one
millimeter. However, this is one way to heat treat already faceted sapphires that do not contain
enough Fe or Ti. The diffusion heat-treated sapphires must already be faceted prior to heat
treatment since any polishing or grinding would destroy the thin color layer.
Equally as important to the process of heat treatment is the compositionally controlled
provenance of the corundum samples. The sapphires mined in Montana, United States, are
extremely high in iron. The concentration of Fe in Rock Creek sapphires is usually 100 times
more than any other impurity (Emmett et al., 1993). This has some implications on heat
treatment, such as the degree of reducing conditions. If the sapphires containing large amounts of
iron are heat-treated in very highly reducing conditions, then hercynite, an iron spinel (FeAl2O4)
will precipitate. Hercynite precipitation can be seen in Figure 8. If further reduction takes place,
then the hercynite precipitation and metallic iron will continue until the exterior is opaque.
Sapphires from Sri Lanka on the other hand, have much less iron and as a result, do not have
hercynite precipitation issues during heat treatment.
Goethite is another mineral that can affect the heat treatment of sapphires. Some sapphire
stones may contain brown to yellow hydrous ferric oxide such as goethite. Goethite is one of the

primary constituents of limonite with the chemical formula of α-FeO(OH) and is deposited in the
inclusions found in corundum epigenetically. If goethite is subjected to just 350°C, it is
converted into rusty red hematite by following this chemical reaction 2α-FeO(OH) → heat
350°C → α-Fe2O3 +H2O. This effect can be seen on heat treated sapphires from Sri Lanka in
Figure 9.
A study by Emmett et al., (1993) heat-treated more than 75,000 sapphires from Rock
Creek, Montana, USA, and found that 65-70% of pale blue, pale green and near-colorless
sapphires could be transformed to saturated blue and yellow colors. The sapphires from Rock
Creek varied in color: colorless, pale blue, pale green, pink, and pale yellow. However, only 510% of the sapphires contained enough silk to substantially reduce visual quality. The heat
treatment in this study was performed with a Thermal Technology Group 1000A graphite hot

zone furnace which has the capacity of heating to 2200℃. The non-gem grade quality blue
sapphires were heat-treated at 1650°C in reducing conditions and the progress can be seen in
Figure 10. These stones were then faceted into gem-grade sapphires that cost much less than
natural sapphires of the same clarity and color.

Methods
Non-heat-treated corundum samples from Madagascar and Tanzania were obtained from
Rosett (2018). This set contained 60 samples divided into 20 sample groups, C1, C2, and C3.
Generally, all C1 stones were dark blue, C2 stones were light blue with some stones containing
green, and C3 were all colorless or cloudy. All samples were graciously supplied by Michael
Couch, of Michael Couch and Associates, a wholesaler, supplier and distributer of colored
gemstones, who has invested in numerous Augustana College geology undergraduate students
who are interested in doing gemological research.
The preparation for the heat treatment process to determine optimal temperature under
oxidizing and reducing conditions started with capturing photos of the sapphire samples. Then,
the samples were analyzed with a gem spectrometer (Figure 11) to obtain UV-vis spectra data.
The UV-vis spectroscopy data provides us with the absorbance data of ions present in the
sample. Higher absorbance means that more of the light is absorbed by the sample. Introducing
reducing conditions during heat treatment of corundum has been shown to improve color and
clarity (Nassau, 1981), (Emmet et al, 1993). The standard method of creating reduced conditions
during heat treatment is to use a CO2 gas-mixing furnace; since Augustana does not own a gasmixing furnace, a novel, economical experimental design was conceived to achieve these

conditions (M. Wolf, personal communication); boat-shaped grooves were carved out in
graphite slabs and used to create reducing conditions in an alumina chamber. The reducing
conditions are created when the carbon atoms which are present in the graphite interact with the
oxygen in the surrounding atmosphere. This creates CO and CO2 which comprise the CCO
buffer which destabilizes the rutile present in the corundum samples. The higher the temperature
and the larger the amount of oxygen exposed to the graphite causes the graphite to be consumed
quicker. The graphite slabs were cut so that they fit into a chamber consisting of two opposing
alumina crucibles. The grooves were used to house the sapphire stones. Two alumina crucibles
with graphite slabs in each were then pressed against each other and the gaps filled with alumina
fiber and cemented with Si rigidizer liquid to create a seal and minimize oxygen exposure to the
graphite. This was done to achieve a closed system so that CO and CO2 did not leak out outside

the reduced crucible and to prolong the time interval that the graphite slabs were present and able
to create the CCO buffer. The CCO buffer was proved to be a novel, cost-effective alternative to
using a gas-mixing furnace. The graphite slabs and sealed crucible can be seen in Figure 12
below.

The heat-treatment experiments contained two crucibles at once, one with an open-top so
that the sapphires were exposed to air for oxidizing conditions and one crucible which was
sealed for reducing conditions. Each crucible contained six stones, two from C1, C2, and C3
respectively. To confirm if the reducing conditions were achieved by using the (magnetitehematite) MH oxygen fugacity buffer, the first experiment also contained hematite powder in
both sealed and open crucibles. If the hematite powder becomes magnetic, then the conditions
are reduced, but if the powder remains non-magnetic, then the conditions are oxidizing. This can
be seen in Figure 13.

Heat treatment conditions for each experiment can be seen in Table 1. Soak time is the
duration of time that the sapphires are exposed to the maximum temperature. So, for experiment
1, sapphires were exposed to 1200°C for 10 hours. The stones were then cooled by letting the
furnace cool off to ambient temperature. There were 14 previous heat-treatment experiments that
were conducted to get acclimated to the process of heat-treatment.

After the heat treatment, the UV-vis spectra data and pictures of the stones were retaken
and the samples were sent for electron probe microanalysis (EPMA) to Augustana geology
alumnus Dr. Brian Konecke ’14 at Astromaterials Research and Exploration Science (ARES)
lab, NASA Johnson Space Center, Houston, Texas. EPMA was used to determine concentrations
of chromophores at minor and trace element concentrations, including: Ca, Ti, Zn, Mg, Si, Ga,
Fe, Mn, and Cr to evaluate the geochemical effects of heat-treating sapphires. This compositional
and trace element data were also used to create a Fe vs Ga/Mg chart which then can be used to
determine the sapphires’ geological environment of formation, whether the sapphires are
magmatic or metamorphic (Peucat et. al 2007). If the Ga/Mg ratio is > 10, then the corundum
stones are magmatic. On the other hand, if the Ga/Mg ratio is < 10, then the samples are
metamorphic. The C2 and C3 sapphire stones were mounted in 2.54 cm epoxy-resin rounds as
polished to a 1-micron surface roughness by using polycrystalline diamond suspension. C1
samples followed the same preparation routine except that instead of polycrystalline diamond
suspension, a 1-micron alumina oxide powder was used for polishing. This resulted in less
reliable results because the surfaces were not as smooth, hence using polycrystalline diamond
suspension is superior for polishing corundum stones.

Results
Color changes due to heat treatment varied from almost no change to drastic changes.
Common color change trends across the experiments can be seen in Figures 14 and 15. In
experiment 1, oxidized C1 samples became slightly lighter and reduced C1 samples underwent
almost no visual changes. C2 oxidized and reduced samples became lighter and received a
yellowing effect changing the color from dark blue to green. The C3 samples underwent no

obvious color changes. In experiment 2, oxidized C1 samples underwent no obvious color
change while reduced C1 samples became slightly darker. Oxidized and reduced C2 samples
underwent the same transition as experiment 1, and C2 oxidized and reduced samples, became
lighter and gained a yellowing effect. The oxidized C3 samples underwent no visual change
while C3-8 sample expanded the area of dark blue and the brown inclusions disappeared. In
experiment 3 oxidized C1 samples had the same effect as experiments 1 and 2- some received a
yellowing effect but all became lighter in color. Reduced C1 samples, on the other hand, changed
from dark blue to even darker blue. Oxidized C2 stones followed the trend of experiment 1 and
2- became lighter and received a yellowing effect. Reduced C2 samples became much darker
blue. Oxidized C3 samples had no visible color change but C3-11 from the reduced group
received a blackening effect, changing the color from colorless/slightly yellow to grey/black. In
experiment 4, oxidized C1 samples underwent almost no visible change in color, but the reduced
C1 samples became black, and obtained a “charcoal” like outer pattern. Experiment 4 C2
oxidized samples followed the same trend as the previous 3 experiments- became lighter and
received a yellowing effect while the reduced C2 samples became much darker, almost black
with the same charcoal-like outer pattern as reduced C1 samples. C3 oxidized samples remained
the same visually but the reduced C3 samples gained a dark grey color. In experiment 5, C1
oxidized samples became slightly lighter and exhibited a gorgeous sapphire blue color. C1
reduced and C2 and C3 samples all followed the same trend as in experiment 4.
Experiment 2 EPMA data in Table 2 is subdivided into three regions: not heat-treated,
oxidized, and reduced. The table includes n- the number of data points, Ca, Ti, Zn, Mg, Si, Ga,
Fe, Mn, and Cr concentrations in ppm along with their standard deviation for each stone that was
used in the experiment. Raw EPMA data for Experiment 1, 2, 3, 4, and 5 can be seen in the

appendix. Generally, C1 stones contained the highest amount of Ti, while C2 and C3 have close
to an equal amount. C1 and C2 also contained a considerably higher amount of Fe than C3. In
Exp 2, the C2 oxidized stones decreased in Ti slightly but increased in Fe while the reduced
stones decreased slightly in Fe and Ti. In C3 stones, Fe and Ti increased both in reducing and
oxidizing conditions. C1 reduced stones decreased in Ti and increased in Fe. The degree of
change in minor and trace element concentrations varies highly in each experiment. In
experiment 1 C2 stones decreased in Fe and Ti in oxidizing conditions and increased in both
concentrations in reducing conditions. C3 stones in oxidizing conditions gained Fe and Ti
remained the same, but in reducing conditions, Ti increased and Fe decreased. In experiment 5.
C1 samples increased in Fe and Ti under oxidizing conditions and reducing conditions. C2
samples decreased slightly in Fe and Ti under oxidizing conditions and remained almost equal in
reducing conditions. C3 samples experienced almost no change under both conditions.
The Ga/Mg ratio for the majority of C3 and C2 samples and all of the C1 samples is
below 10 (Figure 16). A few C2 and C3 samples do possess a Ga/Mg ratio higher than 10. C1,
C2, and C3 are all in specific regions of the graph and never intersect. C3 has an overall low Fe
concentration while C2 and C1 both contain high concentrations of Fe. Ga concentration is very
similar across C1, C2, and C3 stones.
UV-vis spectra data for experiment 2 (Figures 17, 18, and, 19) shows that all sapphires
contained a peak at 450 nm which is known to be a pair of Fe3+-Fe3+ ions (Pardieu, V., 2017).
C1 sapphires have a broad band of lower absorbance from 520 nm to 600 nm and some of C2
and C3 stones have an even larger band of lower absorbance. C1 sapphires have almost identical
absorption spectra between pre and post-heat-treatment for both reducing and oxidizing
conditions. Oxidized C2 sapphires exhibited higher absorbance after heat-treatment while

reduced C2 samples exhibited an interesting transition of absorbance. The pre-heat-treatment
stone indicates higher absorbance than the post-heat-treatment except from 500 nm to 710 nm in
which the post-heat-treatment sapphire has higher absorbance. C3 samples indicate higher
absorbance in post-heat-treatment samples. The C3 oxidized sample also contained a peak at 690
nm. The absorbance is lowest in C1, C2 is higher and C3 has the highest absorbance. These
trends are consistent throughout each experiment except Experiment 4 and Experiment 5 reduced
stones always resulted in lower absorbance than the untreated stones. All UV-vis spectrums for
Experiments 1, 2, 3, 4, and 5 can be seen in the appendix.

Discussion
In most of the cases, C1 samples contained the highest amount of Ti, resulting in more Ti
and Fe chemical interactions and producing dark blue color in the stones. C2 samples contained a
substantially decreased amount of Ti but an equal amount of Fe as C1. Since there is less Ti to
interact with the still high amount of Fe, more of the Fe ions form the Fe3+-Fe3+ ion pairs. The
Fe3+-Fe3+ ion pair results in the yellowing color, hence why most C2 samples are lighter blue

and some contain areas of green coloration. C3 samples contained an almost identical amount of
Ti as C2 samples but, had substantially less Fe than C1 and C2. This possibly means that there
simply is not enough Fe and Ti in the stone to produce the deep blue or any other color. To add
color to C3, diffusion heat treatment is most likely necessary.
For the best heat-treatment results, 1200℃ for 10 hours soak time should be avoided due
to goethite forming rusty red hematite. As described in the background section, goethite is one of
the main constituents of limonite and is deposited in the corundum inclusions epigenetically.
Figure 20 shows this effect. The dark brown goethite changes to rusty red hematite. The red
inclusions are not ideal for sapphires that are meant to be used for jewelry. Figure 21 shows the
pre (left) and post-heat treatment (right) pictures of the experiment 2 stones. C1-6 on top, C2-6
middle, and C3-5 bottom. Visually, C1-6 undergoes minimal to no visible color changes and as
seen in Figure 17 the spectra data are almost identical for pre and post-heat-treatment. C2-6
becomes lighter and receives a yellowing effect resulting in an overall change from blue/green to
light green stone and C3-5 also has no visible color changes.

One issue with the data provided by EPMA for this project is that the standard deviation
is quite high. This means that the samples are quite heterogeneous. In sample C1-14# which was
exposed to oxidizing conditions, the amount of Ti measured was 39561.8 ppm which is more
than 20 times the C1-13# value which was also exposed to oxidizing conditions. The standard
deviation for C1-14# is also incredibly high at 67666. This most likely means that one or more of

the analyzation spots for this sample encountered a rutile inclusion which resulted in much
higher than average values.
The EPMA data for C2-6 indicates that Ti concentration has marginally decreased and Fe
concentration has also decreased. This is difficult to tell if it is a result of the sample
heterogeneity or if some chemical changes occurred in the lattice structure. The yellowing effect
which lightens the stone can be explained by an increase in Fe3+ due to the oxidation of Fe2+
ions in the structure. The Fe3+ ions form the Fe3+-Fe3+ ion pair which results in a yellow color
and the 450nm peak in UV-vis spectra which is consistent across all UV-vis spectroscopy data.
The UV-vis spectra data also indicates an increase in absorption after heat-treatment which
means that more of the light is absorbed and less is detected by the spectrometer. Sapphire C3-5
EPMA data shows an increase in Ti however Fe remained almost the same after heat-treatment.
This could be due to the increase in Ti4+ ions which do not partake in the corundum’s lattice
structure. Just like for C2-6, the C3-5 UV-vis data indicates an increase in absorption after heattreatment. The C3-5 UV-vis data also demonstrates a peak at 690 nm which corresponds to a
fine-grained, titanium-containing, calcium aluminum oxide mineral - hibonite which is black to
brownish black in color (Colors in minerals, 2009). Hibonite can be commonly found in
Madagascar, one of the countries of origin for the sapphire stones (Hibonite Mindat). Hibonite
that is present in C3-5 can be seen in Figure 21.
Experiment 2 reduced stones before and after can be seen in Figure 22. C1-7 follows the
same trend as the oxidized C1-6, meaning almost no visual changes and almost exact UV-vis
spectra for pre and post-heat-treatment. C2-7 is the same as the oxidized C2-6 except with even
fewer changes to the concentrations of Fe and Ti. However, the UV-vis data differs in that C2-7
pre-heat treatment absorption is higher until 500 nm and then after 710 nm. Sapphire C3-7 has

almost no visual changes as well as no changes to Fe and Ti concentration. The UV-vis data
follows C3-5 in that the post-heat treatment produced higher absorption than the pre-heat
treatment.

Experiment 3 sapphires behaved slightly differently in reducing conditions than
Experiment 1 or 2. The reduced C1-11 and C2-12 both got darker after heat treatment (Figure
23). According to EPMA data, C1-11 decreased in Ti and Fe while C2-12 had less change but

decreased in Ti and increased in Fe slightly. For C1-11 this could be interpreted that more of the
Ti and Fe are forming ion pairs and are incorporated into the structure and less are stuck in
inclusions. C2-12 changes to chromophore concentrations are very minor so it is difficult to tell
what causes the darkening of the stone. UV-vis data indicate that both samples, before and after
heat-treatment contain the 450 nm Fe3+-Fe3+ pair. C1-11 has almost identical before heattreatment and after heat-treatment spectra, while C2-12 decreases in absorbance substantially
post-heat treatment.
Experiments 4 and 5 both have very similar outcomes. Exp 5 oxidized samples can be
seen in Figure 24. C1 and C2 samples became lighter while C3 remained the same.

C2 stones were also exposed to the yellowing effect causing a change of color from dark
blue to green. EPMA data shows that C2-17 and C3-18 both had insignificant Fe concentration
changes but C2-17 had a slight increase in Ti after heat-treatment. A possible cause for the
increase in Ti is that the increased amount of Ti4+ ions results in less Ti partaking in the
corundum’s lattice structure. The UV-vis data shows that the absorption increased for all stones
after heat-treatment. The 450nm peak was present in each stone as well. Interestingly, the
absorption difference between un-heat treated and heat-treated varied from sample to sample. C1
had the lowest absorbance difference, C2 slightly higher and C3 even higher. Exp 4 and 5
reduced samples behaved differently from previous experiments. The samples became much
darker/black and obtained an external layer with a charcoal-like look (Figure 25). This is most

likely due to a surficial carbon deposition from the graphite slabs that were used to achieve
reducing conditions by using the CCO oxygen fugacity buffer. The UV-vis spectra data was also
different from other experiments. Generally, untreated had higher absorbance than heat-treated in
this case. C1-19 sapphires had a larger than previous C1 stones absorption difference between
untreated and heat-treated. C2-20 sapphire consisted of the untreated sapphire having a higher
absorbance everywhere except at 450nm peak where it was the same as the heat-treated.
Peucat et. al (2007) demonstrated that the Ga/Mg ratio versus the Fe concentration
discriminates between “metamorphic” and “magmatic” sapphire-forming environments. Figure
16 plots the Fe and Ga/Mg data obtained from the EPMA and shows that C1, C2, and C3 each
cluster separately which may indicate formation environments. One interpretation of this is that,
even though specific mine data were not provided for the raw sapphire samples, clues to the
original geologic source for the samples may be deduced from the geochemical compositional
data; each of these C1, C2, C3 groups of samples perhaps comes from different mines located
in Tanzania and Madagascar, since the compositional concentrations are all different. All three
groups consist of samples that contain Ga/Mg ratio < 10, meaning that the sapphires are of
metamorphic origin. C2 and C3 contain a few stones that possess a Ga/Mg ratio > 10, however,
this could be due to Ga, Mg or Fe inclusions that spike up the average value of those
concentrations in the stone. However, the larger spread of data for C2 sapphires could also
indicate an open system behavior, meaning that the sapphires may have formed in areas
subjected to contact metamorphism or in other open system environments. This data can be
matched with the bedrock geology of the countries of origin. The bedrock geology of Tanzania
(Figure 26) indicates a mostly metamorphic geology which agrees with the findings of the Fe
and Ga/Mg graph.

Conclusions
The sapphires from Madagascar and Tanzania can be used for heat-treatment purposes to
increase their monetary value. The three different groups of sapphires (C1, C2, and C3) all seem
to have different mine locations based on the Fe vs Ga/Mg ratio plot. C1 sapphires were mostly
dark blue, C2 sapphires were lighter blue with some containing green and C3 sapphires were
mostly colorless. When using graphite slabs to induce the CCO buffer for reducing conditions
several experimental provisions must be taken into account: the graphite slabs must be sealed off
from as much oxygen as possible and the graphite slabs should only be used for reducing heat
treatment experiments of less than 1500℃, due to the carbon depositional coating with
temperatures at or higher than 1500℃. Heat treatment in oxidizing conditions had no effect on
color for C1 stones until 1400℃ with most notable differences in 1600℃ where the color

became lighter. C2 samples always had a yellowing effect and became lighter independent of
temperature. C3 samples had almost no effect on color independent of conditions and
temperature with the sole exception that the stones became black if used for reducing conditions
in higher or at 1500℃. Goethite formed hematite at 1200℃ but was minimized to zero at
1300℃. Knowing this, it is most likely best to heat treat sapphires under oxidizing conditions:
C1 at 1600℃, C2 at 1300℃ and C3 with diffusion heat treatment.
UV-vis data proved useful in that the 450 nm peak for Fe3+-Fe3+ ion pairs was always
present and can be used to identify if the stone is corundum or not. The heat-treated spectra
usually showed an increase in absorption with a few exceptions such as when the samples were
coated with the black layer.
EPMA data were useful for determining the sample chromophore trace and minor
element concentrations especially Fe and Ti which are the main elements that cause the blue
color in sapphires. C1 sapphires contained the highest amount of Ti and Fe (Ti > 100ppm, Fe
8000-10000 ppm), C2 sapphires contained much less Ti but the same amount of Fe (Ti 4050ppm) and C3 samples contained the same amount of Ti as C2 and the least amount of Fe (Fe
400-700 ppm). The heterogeneity of the samples made it difficult to draw confident conclusions
from the differences between pre- and post-heat-treatment since sometimes the values were
increasing and decreasing between two samples that were used in the same temperature and
conditions. However, high standard deviation values of some of these analyses could indicate
that inclusions rather than the matrix were sampled and probably should not be included in the
average composition. Also, many of the concentrations were below the detection limit, meaning
that LA-ICP-MS analyses might have been better for this project.

The sapphires from Tanzania and Madagascar are worthy of being heat-treated for
business. The dark blue sapphires are better heat-treated separately from the lighter sapphires
that may contain some green. The colorless sapphires require more than just heat-treatment,
possibly diffusion heat-treatment. If an EPMA instrument is readily available and inexpensive to
use, then samples with high Ti and Fe must be heat-treated differently (as described before) from
samples with low Ti and high Fe and vice versa. If heat-treatment proves successful, the sapphire
prices would be less than half of the natural sapphires and would be therefore more readily
accessible to the general public.

Acknowledgements
The author is thankful for the advice, financial and instrumental assistance and discussion
received from the entire Augustana College Geology Department and especially from Dr.
Michael Wolf and Susan Wolf as well was previous alumni- Dr. Brian Konecke ’14 and Randy
Lightfoot ’13. EPMA data was created by Dr. Brian Konecke ’14 at Astromaterials Research and
Exploration Science (ARES) lab, NASA Johnson Space Center, Houston, Texas and the
gemstone market data was provided by Randy Lightfoot ’13.

References Cited
Collet, L., Curtze, L., & Reed, K. (2013). Responsible Sourcing of Colored Gemstones (Applied
Research Seminar Report). Graduate Institute of Geneva.
Colors in minerals caused by Intervalence Charge Transfer (IVCT) minerals.gps.caltech,

http://minerals.gps.caltech.edu/COLOR_Causes/IVCT/Index.html (accessed May 2020).
Emmett, J.L., and Douthit, T.R., 1993, Heat treating the sapphires of Rock Creek, Montana:
Gems & Gemology, v. 29, p. 250-272.
Gemselect, 2018, Sapphire Prices: https://www.gemselect.com/other-info/sapphire-prices.php
(accessed May 2019).
Hibonite Mindat, https://www.mindat.org/min-1897.html (accessed May 2020).
Hugi, M., & Krzemnicki, M. S. (2015). Swiss Gemmological Society conference. The Journal of
Gemmology, 34(6), 537+.
Koivula, J.I., 2013, Useful Visual Clue Indicating Corundum Heat Treatment: Gems &
Gemology, v. 49, p. 160-161, doi: 10.5741/GEMS.49.3.160.
Kwansirikul, K., Thanasuthipitak, P., and Thanasuthipitak, T., 2016, Experimental Heat Treating
of Trapichelike Blue Sapphire of Southern Vietnam: Suranaree Journal of Science &
Technology, v. 23, p. 409-419.
Mungchamnankit, A., Kittiauchawal, T., Kaewkhao, J., and Limsuwan, P., 2012, The Color
Change of Natural Green Sapphires by Heat Treatment: Procedia Engineering, v. 32, p.
950-955.
Nassau, K., 1978, The origins of color in minerals: American Mineralogist, v. 63, p. 219-229.
Nassau, K., 1981, Heat treating ruby and sapphire; technical aspects: Gems and Gemology, v.

17, p. 121-131.
Palke, A.C., and Breeding, C.M., 2017, The origin of needle-like rutile inclusions in natural gem
corundum; a combined EPMA, LA-ICP-MS, and nanoSIMS investigation: American
Mineralogist, v. 102, p. 1451-1461, doi: 10.2138/am-2017-5965.
Pardieu, Vincent & Soonthorntantikul, Wasura & Vertriest, Wim & Raynaud, Victoria &
Sangsawong, Supharart & Atikarnsakul, Ungkhana & Khowpong, Charuwan &
Weeramonkhonlert, Vararut. (2017). AN IN-DEPTH GEMOLOGICAL STUDY OF
BLUE SAPPHIRES FROM THE BAW MAR MINE (MOGOK, MYANMAR).
www.gia.edu.
Peucat, J.J., Ruffault, P., Fritsch, E., Bouhnik-Le Coz, M., Simonet, C., and Lasnier, B., 2007,
Ga/Mg ratio as a new geochemical tool to differentiate magmatic from metamorphic blue
sapphires: Lithos, v. 98, p. 261-274.
Rosett, A., 2018, Geochemical Fingerprinting and Thermal Heat Treatment of Spinel from
Tanzania and Mozambique to Address Supply Chain Challenges in the Colored
Gemstone Market [B.S thesis]: University of Michigan, 41 p.
Schwarz, D., Pardieu, V., Saul, J.M., Schmetzer, K., Laurs, B.M., Giuliani, G., Klemm, L.,
Malsy, A.-K., Erel, E., Hauzenberger, C., Toit, G.D., Fallick, A.E., and Ohnenstetter, D.,
2008, Rubies and Sapphires from Winza, Central Tanzania: Gems & Gemology, v. 44, p.

322–347, doi: 10.5741/gems.44.4.322.
Simon, A.C., and Ripley, E.M., 2011, The role of magmatic sulfur in the formation of ore
deposits: Reviews in Mineralogy and Geochemistry, v. 73, p. 513-578, doi:
10.2138/rmg.2011.73.16.
Van der Wal, S., & Haan, E. de. (2010). Rough Cut: Sustainability Issues in the Coloured
Gemstone Industry. SSRN Electronic Journal. https://doi.org/10.2139/ssrn.1557705
Zhao, D., Essene, E.J., and Zhang, Y., 1999, An oxygen barometer for rutile-ilmenite
assemblages; oxidation state of metasomatic agents in the mantle: Earth and Planetary
Science Letters, v. 166, p. 127-137, doi: 10.1016/S0012-821X(98)00281-7.

Appendix

UV-vis spectra of Exp 1 oxidized C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 1 reduced C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 2 oxidized C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 2 reduced C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 3 oxidized C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 3 reduced C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 4 oxidized C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 4 reduced C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 5 oxidized C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

UV-vis spectra of Exp 5 reduced C1, C2, and C3 stones. Pre and post heat-treatment (labeled
with #)

EPMA data for Exp 1

EPMA data for Exp 2

EPMA data for Exp 3

EPMA data for Exp 4

EPMA data for Exp 5

